Abstract We studied the relative importance of the aboveground and belowground environment for survival and growth of emerged seedlings of Centaurea jacea to better understand the general difficulty of establishing late-successional species at restoration sites on ex-arable land. Potted seedlings growing on soil from six late-successional grasslands and from six ex-arable (restoration) sites were reciprocally exchanged, and survival and relative growth rate of the seedlings monitored. In addition, we assessed aboveground herbivory and colonization of roots by arbuscular myccorhizal fungi of all plants, as well as nutrient availability, and microbial biomass and community composition using PLFA techniques in all twelve soils. Seedling survival was higher in restoration habitat and soil than in grassland habitat and soil, but growth did not differ between the aboveground and belowground environment types. Shoot growth rate was initially correlated with soil nutrient content, and later in the experiment with mycorrhizal colonization levels. Our results indicate that arbuscular mycorhizal fungi may be important for the successful establishment of C. jacea and that abiotic soil factors, like K availability and N:P ratio, can promote mycorrhizal colonization. Hence, the belowground environment should be considered when selecting sites for restoring species-rich grasslands.
Introduction
The successful establishment of sown late-successional plant species on grassland restoration sites on ex-arable land is often disappointing (Kleijn and Sutherland 2003) . This has been attributed to a number of abiotic and biotic factors in the aboveground and belowground environment that affect survival and growth of latesuccessional grassland plant species, including high availability of soil nutrients such as P, K and inorganic N (McLendon and Redente 1992; Marrs 1993) , arbuscular mycorrhizal fungi (AM fungi; Van der Heijden 2004) , inter-specific competition (Tilman 1993; Hansson and Fogelfors 1998) and aboveground herbivory (Edwards and Crawley 1999) . While some factors of the aboveground and belowground environment have been jointly investigated (Brown and Gange 1989; Schadler et al. 2004) , there is a paucity of studies considering all factors at the same time and hence, the relative importance of aboveground and belowground factors for seedling survival and growth are not well understood. As restoration sites on exarable fields differ from late-successional grasslands both in terms of the aboveground and the belowground environment (Walker et al. 2004) , the two ecosystem compartments and their characteristics should be jointly considered when studying secondary succession in restoration programmes. A better understanding of the relative importance of aboveground and belowground factors affecting seedling survival and growth of sown late-successional plant species could improve the selection of potentially suitable sites for the creation of species-rich grassland habitat.
The overall effect of the aboveground and belowground environment on seedling recruitment and vegetation development may depend to a large extent on how these ecosystem compartments affect one another (Wardle 2002) . Therefore, experiments are necessary to disentangle their relative importance for the survival and the establishment of emerged seedlings of late-successional plant species. Moreover, since the outcome of studies assessing the effects of aboveground and belowground factors on plant survival and growth may vary depending on the initial characteristics of the study system, it is important to carry out such experiments in a range of natural habitats and soils, thereby incorporating ecosystem complexity in the experimental design (Read 2002) . While many studies that aimed to assess the impact of various components of the biotic belowground environment on plant growth were done by standardizing either the aboveground or the belowground environment among the treatments (e.g. Van der Heijden et al. 1998; Klironomos 2002; De Deyn et al. 2003; Wardle et al. 2005) , only few studies incorporated the natural variability of ecosystem components (e.g. Brown and Gange 1989; Gange and West 1994; Gange et al. 2002; Kardol et al. 2006 Kardol et al. , 2008 .
We carried out a reciprocal transplant experiment with pots containing soil from late-successional grasslands or restoration sites among the sites where the soil originated from. We investigated the relative effect of the aboveground environment ("habitat") and that of the belowground environment of restoration sites and of late-successional grasslands on growth and survival of emerged seedlings of the model species Centaurea jacea L., a widespread perennial, often predominant plant species of latesuccessional vegetation stages that has a wide ecological amplitude (Ellenberg 1974 ). This species is commonly included in seed mixtures for the creation of grassland habitats on restoration sites (Bosshard 1999) . We specifically tested whether survival and growth of C. jacea under field conditions are affected by habitat type (restoration vs. latesuccessional grassland) or by belowground environment type. In general we expected better survival and growth of C. jacea in soils of the late-successional grasslands, mainly due to the higher organic matter content and microbial biomass than in the belowground environment of the restoration sites. Both measures are often higher in later stages of grassland succession (e.g. Kindscher and Tieszen 1998; Bardgett and McAlister 1999) , and hence reflect the species' natural habitat. In addition, we assessed correlations between survival and growth of C. jacea and various belowground environment and habitat parameters to identify those factors that best explain establishment of C. jacea across the two belowground environment and habitat types.
Methods

Experimental setup
Soil was taken from six restoration sites and six latesuccessional grasslands in the Swiss Jura (Table 1 ). The late-successional grasslands, all with well-developed Mesobromion or Arrhenaterion vegetation types, were mown once or twice a year after mid-June and not fertilized; no previous management of the latesuccessional grasslands other than regular mowing was known. By contrast, all restoration sites had a long history of intensive agriculture prior to restoration management. The restoration sites had been under restoration management schemes for two to 6 years prior to the experiment; no fertilizer or pesticides had been applied since and the sites were mown once a year after June 15. Three of the sites had been under restoration management for a number of years prior to the start of the experiment and we were unable to retrieve what the last crops on those sites had been. On the other sites, the last crop had been wheat. Most of the sites had been sown with a standard 30-species mixture as part of the restoration management (Bosshard 1999) . Vegetation cover was similar in restoration sites and late-successional grasslands (60-80%; R. Eschen, personal observation).
From each site, twelve soil cores (diameter approx. 6.5 cm, depth 18 cm, approximately 50 cm apart) were taken with as little disturbance of the surrounding vegetation and soil surface as possible. The soil was collected at least 15 m from the edge of each field. Soils from the 12 sites were kept separately. The soil from each site was pooled, sieved (5 mm mesh size) and living plant tissues and dry litter carefully removed. Soil from each site was put into 12 pots consisting of plastic tubes (6.5 * 18 cm) that were closed at the bottom with a 60 µm mesh (LanzAnliker AG, Rohrbach, Switzerland) to allow water to flow out, but prevent soil micro-and macroarthropods from entering. Seedlings of C. jacea were grown from surface-sterilized seeds, obtained from a commercial supplier, on moist filter paper in Petri dishes. Three seedlings were planted at the cotyledon stage in the centre of each pot. Pots were kept in the greenhouse for 2 weeks for establishment of the seedlings. Then, the number of seedlings was reduced to one per pot by randomly removing surplus plants. Each pot was randomly assigned to one of the twelve source sites, so that one pot of each of the 12 soils was assigned to each of the 12 sites (12 pots per site, 144 pots in total). In June 2003, pots were put into the holes where the soil was taken from, with the rim at the level of the soil surface. Slug pellets were added (Blaukorn, Pluss-Staufer AG, Oftringen Switzerland), but no measures were taken to prevent micro-and macroarthropods from entering the pots through the top of the pots.
Size of the plants was estimated as the sum of the area of all leaves, estimated for each leaf individually by multiplying the maximum length and width of the leaf, when the pots were put into the field (day 0) and 14, 28, 46 and 62 days thereafter. At days 28 and 62, the number of dead plants was counted and the area of the surviving plants damaged by herbivores was 
Chemical analyses
Soil samples for chemical and PLFA analyses were taken when the soil was collected in the field and stored at −20°C until analysis. Samples were airdried (< 30°C) and sieved (< 2 mm) before analyzing available P, available K, nitrate (NO 3 − ) and ammonium (NH 4 + ). Available P was determined by the BrayKurtz P1 method (Bray and Kurtz 1945) . Available K was determined by atomic absorption spectrophotometry after extraction with a solution of 1 M ammonium acetate, pH 7.0 (Tan 1996) . Inorganic N was extracted by shaking 10 g of soil in 30 mL of 1 M KCl and filtered (Whatman No. 42) . NO 3 − and NH 4 + concentrations in the extracts were then determined in a Brau & Luebe Autoanalyzer mod. 3 equipped with AA3 Digital Colorimeter following the manufacturer's instructions. Soil N:P ratios were calculated as the amount of nitrate and ammonium divided by the amount of available P. Organic matter content (% OM) of the soils was determined by weighing soil before and after heating them to 400°C for 8 hours.
PLFA analysis
Phospholipid fatty acids and neutral fatty acids (PLFAs and NLFAs) are constituents of lipids found in the cell membranes of living organisms and are used to estimate the biomass of individual groups of microorganisms (Olsson 1999) . The biomass and composition of the soil microbial community were estimated using PLFA technique as described by Frostegård et al. (1993) in samples taken at the start of the experiment and stored at −20°C until analysis. Total bacterial biomass was represented by PLFAs i15:0, a15:0, 15:0, i16:0, 16:1ω9, i17:0, a17:0, cy17:0, 18:1ω7 and cy19:0 combined (Frostegård and Bååth 1996) . Saprophytic fungal biomass and AM fungal biomass were represented by PLFA 18:2ω6 (Frostegård and Bååth 1996) and NLFA 16:1ω5 (Olsson 1999) , respectively. Amounts of PLFAs were expressed as nmol g −1 soil and as nmol g −1 organic matter.
Mycorrhizal colonization
The dried roots were soaked in tap water for half an hour before preparation for determination of AM colonization (Scheublin et al. 2004) . Thereafter, the roots were cleared with 10% KOH and fungal structures inside the roots were stained with trypan blue (Phillips and Hayman 1970) . The percent root length colonized by AM fungi was estimated by a modified line intersection method (McGonigle et al. 1990; Van der Heijden 2004) . We scored the presence of hyphae, vesicles and arbuscules in 75 intersections per root sample (Scheublin et al. 2004; Van der Heijden 2004 ).
Statistical analyses
The pots in one ex-arable habitat site were destroyed by accident. These twelve plants were left out of the analyses. One of the restoration soil samples taken for PLFA analysis was lost during analysis and was also left out of the analyses. Data were analyzed using ANOVA with habitat and belowground environment type as fixed factors, and destination site and soil origin as random factors, nested within habitat and belowground environment type, respectively. Dry weight data were log-transformed prior to analysis to meet the assumptions of ANOVA. Survival of plants at day 28 was analyzed using a generalized linear mixed model with the percent surviving plants on each belowground environment type within each site as the response variable and with habitat and belowground environment type as fixed factors, and destination site as random factor, nested within habitat type. Soil characteristics of the two belowground environment types were compared with ANOVA with soil type as fixed factor.
Relations between soil chemistry, PLFAs, herbivory, and plant growth were described with linear regression, using averaged values for replicate plants grown on soil from the same origin within each of the treatments. All statistical analyses were done using R version 2.1.0 for Windows (R Development Core Team 2005).
Results
Soil from restoration sites contained less NO 3
− and organic matter than soil from grassland sites (F 1,10 = 5.225, P<0.05 and F 1,10 =13.935, P<0.005; Table 1 ). K, NH 4 + and P content, and N:P ratios did not differ between the soil types (P>0.05). The AM fungal biomass (F 1,10 = 9.296, P < 0.05), bacterial (F 1,9 = 6.110, P<0.05) and fungal biomass per gram soil (F 1,9 =6.621, P < 0.05) were lower in soils from restoration sites than from late-successional grasslands. The AM fungal, total bacterial and fungal biomass per gram organic matter and the fungal: bacterial ratio calculated from these data did not differ between the two soil types (all P>0.15), suggesting that the absolute differences in microbial biomass between the two soil types were the consequence of differences in organic matter content of the soils.
Survival of C. jacea at day 28 was higher on restoration soil than on grassland soil (F 1,10 =11.122, P<0.01) and higher in restoration habitats than in grassland habitat (F 1,9 =4.463, P<0.05, Fig. 1) , which is the opposite of our expectation. Survival at day 28 was negatively correlated with organic matter content and fungal biomass of the soils (Spearman rank correlation; n=12, P<0.05, rho=−0.65, and n=12, P<0.05, rho=−0.64).
Strong positive correlations between leaf area at day 62 and total plant and shoot weight were found, indicating that leaf area was a suitable predictor of plant performance (Pearson correlations: n=84, P< 0.001, r=0.89 and n=84, P<0.001, r=0.95). Despite the differences in soil nutrient content, relative growth rate between day 0 and 46 (0.06±0.00), between day 46 and 62 (0.03±0.01) and dry weight (0.59± 0.06) of C. jacea were not affected by belowground environment type or habitat. The relative growth rate between day 0 and 46 was positively correlated with initial N:P ratio of the soil (n=12, P<0.005, R 2 =0.60, Fig. 2a ) and negatively correlated with initial soil K content (n=12, P<0.05, R 2 =0.42). Herbivory as measured on surviving plants at day 28 was not affected by belowground environment type or habitat. However, herbivory at day 62 was higher on restoration soil than on grassland soil in restoration habitat, and the inverse was found in grassland habitat (Habitat by belowground environment type interaction: F 1,81 =5.193, P<0.05; Fig. 3) . While herbivory at day 28 was not correlated with leaf area at day 28 (Spearman rank correlation, P> 0.2), it was negatively correlated with leaf area at day 62 (Spearman rank correlation: n=85, P<0.001, rho=−0.46), indicating that herbivore attack reduced plant performance. Herbivory at days 28 and 62 were significantly negatively correlated with total plant weight (both P<0.05).
In restoration habitat, plants growing in restoration soil were less colonized by AM fungi than plants growing in grassland soil, but in grassland habitat no difference was found in the AM colonization of plants Fig. 1 Percent survival of C. jacea at day 28, grown in restoration and grassland habitats in the field experiment. Open bars indicate restoration and grey bars grassland belowground environment. Averages + SE growing in restoration and grassland soil (total root colonization; F 1,81 =6.810, P<0.05; Fig. 4) . Overall, C. jacea roots were less colonized by AM fungi in restoration habitats than in grassland habitats (F 1,9 = 16.852, P<0.01). The percent colonized root length containing arbuscules did not differ between belowground environment or habitat types (P>0.1; Overall mean 71.52±1.59%). The degree of mycorrhizal colonization was negatively correlated with the initial soil available-P concentration and soil water content (n=12, P<0.05, R 2 =0.39 and n=12, P<0.005, R 2 = 0.60). The percent colonized root length containing arbuscules was positively correlated with relative growth rate between day 46 and 62 (Pearson correlation: n=84, P<0.001, r=0.39, Fig. 2b ).
Discussion
The results of the present study show that seedling survival of C. jacea at restoration sites can be high compared to late-successional grasslands. This contradicts the common assumption that establishment of late-successional grassland plant species on restoration sites often is low (Kleijn and Sutherland 2003) . Seedling survival may depend on the degree of vegetation cover (Hutchings and Booth 1996; Kleijn 2003) , but this was similar in the two habitat types in our experiment. The influence of slug herbivory on plant survival was limited as we used slug pellets, and this may lead to an underestimation of habitat effects on seedling survival (Hanley et al. 1995; Buschmann ) and initial N: P ratio of the soil in the field experiment and b) between relative growth rate of C. jacea between day 46 and day 62 and the colonized root length containing arbuscules et al. 2005) . Other herbivores may also reduce survival (Edwards and Crawley 1999) , but in our study the amount of herbivore damage was not different between the habitat types. It is therefore unlikely that the differences in survival rate were the result of differences in herbivory. Our study does not provide an explanation for the surprising higher seedling mortality in grassland habitat than in restoration habitat, as the survival of C. jacea in the two habitat types was apparently affected by parts of the aboveground environment that we did not assess.
Mycorrhizal colonization of C. jacea growing on restoration soil was higher in late-successional grassland habitats than in restoration habitats. The pots were used to separate the soil around the seedlings from the surrounding soil while allowing the aboveground habitat to act on the seedlings. However, although the bottoms of the pots were closed with a fine mesh, it is likely that hyphae from the surrounding soil have colonized the soil inside the pots (Fitter et al. 1998) . The higher mycorrhizal colonization in late-successional grassland habitat and the interacting effect of belowground environment and habitat type on mycorrhizal colonization were therefore likely to be an effect of the surrounding soil of late-successional grasslands, rather than the aboveground environment of the habitat.
As found in earlier studies (Post and Mann 1990; Salinas-Garcia et al. 2000; Jansa et al. 2002) , organic matter content and microbial biomass per gram soil were higher in the soil of the late-successional grasslands than in the soil of restoration sites. Hutchings and Booth (1996) suggested that high soil moisture content resulting from high organic matter content can be beneficial for seedling survival. The survival of seedlings in our study was negatively correlated with fungal biomass of the soils across the two soil types. Soil fungi have been shown to negatively affect the survival of early-successional plants on restoration sites (Kirkpatrick and Bazzaz 1979) . Later-successional plants can be insensitive or tolerant to the pathogens of their predecessors, however, and soil-borne antagonists can thus drive succession (Van der Putten et al. 1993; De Deyn et al. 2003) . The higher seedling survival on soil from restoration sites may be due to a lower abundance of pathogenic fungi in soils that were used for arable practice and where no C. jacea has grown for many years, and the negative feedback may be less strong in those soils than in soils from late-successional grasslands, where the soil microbial community may have been cultured by the presence of C. jacea. (Klironomos 2002; De Deyn et al. 2003; Kardol et al 2006; Bezemer et al. 2006; Macel et al. 2007 ). However, various other groups of soil organisms can also affect seedling survival, including root feeding insects and nematodes (Brown and Gange 1989; Olff et al. 2000; De Deyn et al. 2003) . Further studies are required to assess the relative effect of soil fungi and other groups of soil organisms on seedling survival of C. jacea.
The absence of effects of the belowground environment type on plant growth rates at the beginning of the experiment probably was the consequence of the overall small difference in nutrient availability between the two belowground environment types, but the correlation between soil N:P ratio and plant growth rate during the first weeks of the experiment show that soil nutrient availability nevertheless affected plant growth. NO 3 − availability in the present study was lower in soils from restoration sites than in soils from late-successional grasslands. This lower NO 3 − availability in restoration soils may have been due to nutrient leaching and initially higher N:P ratios on freshly-abandoned arable land, which may lead to higher nutrient uptake rates of plants (Marrs 1993) and thus to faster reductions in NO 3 − availability.
Alternatively, the greater organic matter content of the grassland soils compared to the restoration soils may lead to more mineralization, resulting in higher NO 3 -availability in those soils. The growth rate of C. jacea was positively correlated with initial N:P ratio of the soils during the first weeks of the experiment, but later it was correlated with the fraction of the root length colonized by AM fungi that contained arbuscules, the site of phosphorus transfer from the fungus to the plant. These results suggest that the establishment of C. jacea is affected by abiotic and biotic soil factors at different stages of succession. During early succession when competition with faster-growing, earlysuccessional plant species is still moderate, a high soil N:P ratio may promote the establishment of the seedlings, while association with AM fungi may provide competitive advantage over early-successional species that allows species to persist in the vegetation later in succession when competition is increased. The latter advantage would result from the greater benefit derived from AM fungi by later-successional species than by early-successional species (Janos 1980) . The level of AM fungal colonization of plant roots and its effect on plant growth may vary depending on the composition and abundance of the AM fungal species (Van der Heijden et al. 1998 ) and the available nutrients (Reynolds et al. 2006) . The significant correlations between abiotic soil characteristics, such as water content, N:P ratio, P and K concentrations, and the fraction of colonized root length containing arbuscules across aboveground and belowground environment types confirm the results of previous studies (Sanders and Sheikh 1983; Smith and Read 1997; Blanke et al. 2005) . Hence, the results suggest that plants are more likely to encounter circumstances that promote AM fungal colonization at sites with such abiotic soil conditions and have higher establishment rates. Our investigations largely focused on AM fungi, which generally have a positive influence on plant growth, but other groups of soil organism can either positively or negatively impact plant performance (Brown and Gange 1989; Olff et al. 2000; Klironomos 2002; De Deyn et al. 2003; Kardol et al. 2006) . The overall effect of the belowground environment clearly depends on the combined impact of the various groups of organisms (Bever et al. 1997) .
Our study is one of the first to disentangle the relative importance of aboveground and belowground environment for the survival and growth of a latesuccessional grassland plant species by reciprocally transplanting soil among multiple sites of two contrasting habitat types. Although we cannot relate our findings to specific factors, we found that the impact of the aboveground environment type was greater than the impact of belowground environment type on survival of C. jacea. In contrast to other studies (e.g. Kleijn 2003) , relative growth rate of the surviving plants was most affected by the belowground environment. Our results indicate that AM colonization may play an important role in successful establishment of C. jacea in grasslands. In line with previous studies (Sanders and Sheikh 1983; Smith and Read 1997; Blanke et al. 2005) , our results also indicate that soil water content, N:P ratio, P and K concentrations are important characteristics that promote AM colonization. Hence, these soil factors may be indicative of suitable conditions for establishment of C. jacea and eventually for other late-successional plant species. We therefore propose that biotic and abiotic characteristics of the belowground environment should be considered in the selection of sites for grassland restoration.
